ABSTRACT
It could also be used to assess fetal cardiac function and, consequently, improve our understanding of fetal cardiovascular physiology, cardiac maturation throughout gestation and fetal adaptation to various insults, for instance hypoxia. However, due to the potential for substantial interoperator variability, there is still a need for practical, robust and reliable methods to evaluate non-invasively fetal cardiac function in both research and clinical practice.
Tissue Doppler imaging (TDI) is an echocardiographic technique that measures myocardial velocities, providing a quantitative assessment of myocardial motion 1 . In adults, TDI is used as an early marker of cardiac dysfunction and to predict mortality and morbidity associated with cardiovascular disease 2 . In fetuses, TDI has been attempted in order to assess fetal cardiac function, both in normal pregnancies [3] [4] [5] [6] and in pregnancies with complications such as intrauterine growth restriction [7] [8] [9] , maternal diabetes 10, 11 and intra-amniotic infection 12 . To improve our understanding of maturational changes in the fetal myocardium and to evaluate adequately normal and pathological function throughout pregnancy, reference ranges adjusted to gestational age (GA) are needed. There are two main forms of TDI: spectral (sTDI) and color (cTDI). There are several publications describing myocardial velocities throughout pregnancy using sTDI 3, 4, 6, 13 , but the available information on cTDI is limited. Increasing myocardial velocities with advancing GA have been described using cTDI and there have been attempts to describe cardiac cycle time intervals 5, 14, 15 . However, the offline analysis of myocardial velocity traces generated using cTDI cine-loops is cumbersome and time-consuming, and there is a need to improve and simplify the analysis. Our group has demonstrated previously the feasibility of an automated algorithm for the analysis of cTDI myocardial velocity traces 16 and used this to evaluate fetal cardiac function in postdates pregnancies 17 . In the present study, we hypothesized that automated analysis could be used throughout the second half of pregnancy to measure parameters describing fetal cardiac function.
The aim of this study was to evaluate maturational changes in fetal cardiac function and to construct GA-specific reference intervals for the second half of pregnancy, using an automated method to analyze cTDI recordings.
METHODS
This cross-sectional study was conducted between September 2009 and August 2011 at the Center for Fetal Medicine, Karolinska University Hospital, Sweden. Ethical approval of the study was obtained from the Stockholm Regional Ethics Committee (DNr 2009/1617-31/2 and 2017/539-32) and informed oral as well as written consent was obtained from all participants. Some of the data have been used previously to construct reference ranges using a manual method of assessment 5 . Women with uncomplicated, singleton pregnancy were included between 18 and 42 weeks of gestation. Exclusion criteria were maternal complications such as pre-eclampsia, chronic hypertension or diabetes at inclusion, or fetal chromosomal or major structural abnormalities discovered during pregnancy or at postnatal examination. Pregnancies were dated by measuring biparietal diameter in the second trimester according to local guidelines 18, 19 . Each fetus was included only once. cTDI recordings were performed by an experienced ultrasonographer (K.F.-W.) using a GE Vivid-i ultrasound imaging system, equipped with a 3S-RS (1.9-3.8 MHz) phased-array transducer (GE Vingmed, Horten, Norway). An apical or basal four-chamber view of the fetal heart was acquired, and cine-loops of consecutive cardiac cycles were recorded using cTDI. The insonation angle was kept as close to the long-axis of the heart as possible (always < 30 o ) and the image adjusted to obtain as high a frame rate as possible. Offline analysis was performed using EchoPAC version 201 (GE Vingmed Ultrasound AS, Horten, Norway). The region of interest (ROI) was adjusted in height and width according to GA following previous research 16 and placed at the level of the atrioventricular plane (AV-plane) in the left ventricular (LV), right ventricular (RV) and septal walls of the fetal heart ( Figure 1 ). All ROIs were placed by one operator (L.H.). Usually, 10 or 11 (range, 3-25) cardiac cycles, depending on the heart rate and the length of the cine-loops, were analyzed using a three-sample moving average filter, to construct myocardial velocity traces.
The myocardial velocity traces generated were analyzed in MATLAB (R2015a, MathWorks, MA, USA), using an automated algorithm developed by F.B. and J.J. [20] [21] [22] [23] . Once the velocity traces had been imported, this was a fully automated procedure that did not require any manual marking of the traces. The algorithm was constructed as a rule-based system that involves pattern recognition and several adaptive processes. The beginning and the end of the cardiac cycle is estimated by the algorithm and it identifies cardiac time intervals based on shifts in mechanical work according to the 'dynamic adaptive piston pump' (DAPP) hypothesis that describes the heart as a mechanical pump controlled by its inflow 24, 25 . The cardiac phases are called mechanical cardiac time intervals, referring to the mechanical definition of the delineating timepoints/events. The mechanical cardiac time intervals are identified without the need for a concurrent electrocardiographic (ECG) signal. According to the DAPP hypothesis, the movement of the AV-piston (AV-plane) initiates the mechanical functioning of the heart and, therefore, the atrial contraction is considered as the starting point of the cardiac cycle in analogy to the ECG starting with the p-wave. The cardiac cycle was divided into six mechanical cardiac time intervals, defined as atrial contraction, pre-ejection, ventricular ejection, postejection, rapid filling/early diastole and slow filling/diastasis (Figure 2 ). The terms pre-and postejection are used instead of isovolumic contraction and relaxation, as the definition of the time intervals is based on shifts in myocardial mechanical work rather than blood-flow events. The atrial contraction, pre-ejection, ventricular ejection and postejection periods were measured. We decided not to evaluate the rapid filling/early diastole and slow filling/diastasis periods when utilizing the automated algorithm at this stage in its development. The myocardial performance index derived from cTDI (cMPI) was calculated as: (pre-ejection + postejection)/ventricular ejection time. The peak myocardial velocities during atrial contraction (Am), ventricular ejection/systole (Sm) and rapid filling/early diastole (Em) were derived automatically by the software, and the ratio of Em/Am was calculated. All measurements were performed for the LV, RV and septal walls separately.
All cardiac cycles available were evaluated and an average of all recorded cycles was used for analysis. After automated analysis, the myocardial velocity traces were inspected visually. If the quality of the traces was inadequate for classification, these myocardial velocities and time intervals were excluded from the analysis. The algorithm was run repeatedly to verify that exactly the same results were obtained each time.
The inter-and intraobserver variability of the ultrasound examination was assessed using a Vivid S6 ultrasound imaging system with a M4S-RS (1.9-4.1 MHz) phased-array transducer (GE CV Ultrasound, Haifa, Israel). The interobserver variability was evaluated by two ultrasonographers (K.F.-W. and L.H.), examining 25 patients from December 2016 to February 2017. The intraobserver variability was evaluated by comparing two separate recordings made by the same operator (K.F.-W.) approximately 5-10 min apart in 22 patients. Patients were examined between 19 and 41 weeks of gestation. All ROIs were placed by one operator (L.H.) and all generated myocardial velocity traces were analyzed by the automated algorithm. Consequently, the assessment of coefficients of variation (CV) included mainly the fetal echocardiography with cTDI and the biological variation as the ROIs were placed by one operator and the velocity traces analyzed by the automated algorithm.
Statistical analysis
Data analysis was performed using IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., Armonk, NY, USA) and MATLAB. Continuous variables are presented as mean ± SD or median (interquartile range) as appropriate. Categorical variables are presented as absolute values and percentage (n (%)). We used the statistical approach described by Royston and Wright to create reference intervals 26 . Box-Cox power transformation was used to decide the appropriate type of transformation. The chosen transformations were none, decadic logarithm and square-root transformation. Linear polynomial regression was used to estimate the relationship between the studied variables and GA, expressed in exact weeks (decimal days). Normal distribution of absolute standardized residuals was checked with Shapiro-Wilk test. Mean and SD curves as a function of GA were calculated and plotted. The equations of the polynomial regression were used to calculate the fitted mean, 5 th and 95 th centiles for the corresponding GA as fitted mean ± 1.645 SD. 95% CIs were calculated for the fitted mean. Spearman's rho was used to assess the correlation between cardiac parameters and GA. A subanalysis using the Mann-Whitney U-test was performed to compare cardiac parameters between female and male fetuses. Within-subject CVs were calculated 27 .
RESULTS
Initially, 202 women were enrolled into the study. For three of these women, outcome data were not available because they delivered in other hospitals. One baby had muscular ventricular septal defects and a bicuspid aortic valve detected postnatally and was excluded from the analysis, resulting in a study population of 201 women. Maternal baseline characteristics and pregnancy outcome are presented in Table 1 .
It was possible to obtain the four-chamber view in all pregnancies examined. The fetal heart was apical in 107 (53.2%) and basal in 94 (46.8%) of the cine-loop recordings analyzed. The mean ± SD frame rate was 208 ± 6.8 /s. In seven (3.5%) cases the frame rate was < 200 /s and the minimum frame rate was 171 /s. The mean ± SD fetal heart rate was 139 ± 11.0 bpm. In total, 603 myocardial velocity traces (201 each from LV, RV and septal walls) were available for analysis. After visual inspection, one trace was excluded due to severe artifacts. In the other traces, it was possible to analyze all atrial contraction, pre-ejection, ventricular ejection and postejection phases and all peak myocardial velocities except the RV Em in 11 cases due to fusion of the Em and Am waves. The final number of observations per parameter (187-201) are presented in Tables 2 and 3 .
At 18 weeks of gestation, the peak myocardial velocities, presented as fitted mean with 95% CI, were: LV Am, 3 The best model for all parameters was a first-degree linear polynomial after normalization. All myocardial velocities increased with GA ( Figure 3 and Table 2 ). The LV and RV Em/Am ratio also increased with GA. The mechanical cardiac time intervals generally remained more stable throughout the second half of pregnancy, although, with increased GA, there was an increase in duration of septal and RV atrial contraction, LV pre-ejection and septal and RV ventricular ejection, while there was a decrease in duration of septal postejection ( Figure 4 and Table 3 ). Septal cMPI decreased with increasing GA, whereas that of the LV and the RV remained stable ( Figure 5 and Table 3 ). Z-scores and normal plots of Z-scores from fitted models are provided in Figures S1-S9.
All peak myocardial velocities showed positive correlations with GA. The weakest correlation was that of LV Am (rho = 0.172; P < 0.05); for the others, rho ranged between 0.303 and 0.598 (P < 0.001). The LV and RV Em/Am ratios were positively correlated with GA (rho = 0.444 and 0.294, respectively; P < 0.001), whereas septal Em/Am ratio did not correlate with GA. Positive correlations with GA were seen for some cardiac time intervals, i.e. LV pre-ejection (rho = 0.209; P < 0.05), septal atrial contraction (rho = 0.248; P < 0.001), septal ventricular ejection (rho = 0.278; P < 0.001), RV atrial contraction (rho = 0.168; P < 0.05) and RV postejection (rho = 0.193; P < 0.05). Only the septal postejection time (rho = -0.164; P < 0.05) and the septal cMPI Peak myocardial velocities (in cm/s) were square-root-transformed and Em/Am log-transformed (base 10). *Adjusted R 2 -value. a, intercept; Am, peak myocardial velocity during atrial contraction; b, slope; Em, peak myocardial velocity during early diastole; GA, gestational age; LV, left ventricular wall; RV, right ventricular wall; SE, standard error; Septal, septal wall; Sm, peak myocardial velocity during ventricular ejection (systole).
(rho = -0.255; P < 0.001) were negatively correlated with GA.
There was a significant gender difference in Sm at all three locations and in the RV and septal wall Am, with male fetuses demonstrating higher velocities (Table S1 ). Differences were also seen in septal and RV atrial contraction time, LV pre-ejection time and septal ventricular ejection time, with male fetuses having longer time intervals.
Repeat runs of the algorithm gave exactly the same results each time.
The inter-and intraobserver variability was assessed for the acquisition of cTDI recordings and offline analysis (ROI placement in three locations) by calculating the CVs (Table S2 ). The lowest CVs for both inter-and intraobserver variability were for ventricular ejection time (8.3% and 13.7%, respectively). The pre-ejection period was the time interval with the highest CVs (28.0 and 35.2%, respectively). The lowest CV for the peak myocardial velocities was that for the intraobserver variability for septal Sm (11.8%), followed by that for the interobserver variability for RV Am (13.0%). The highest CVs for peak myocardial velocities were those for the intraobserver variability in the LV Am and Sm (43.1 and 34.5%, respectively).
DISCUSSION
This study shows that it is possible to use an automated algorithm to facilitate the analysis of myocardial velocity traces obtained by cTDI in order to evaluate fetal cardiac function throughout the second half of pregnancy, as has been shown previously for term fetuses 17 . We provide reference ranges adjusted to GA for peak myocardial velocities, Em/Am ratios, mechanical cardiac time intervals and cMPI, all calculated using the automated method. All myocardial velocities showed an increase with increasing GA. Mechanical cardiac time intervals are in ms. Myocardial performance index was log-transformed (base 10). *Adjusted R 2 -value. a, intercept; b, slope; cMPI, color tissue Doppler imaging-derived myocardial performance index; GA, gestational age; LV, left ventricular wall; RV, right ventricular wall; SE, standard error; Septal, septal wall.
The increasing myocardial velocities, especially Sm and Em, and, to a lesser extent, Am, confirm previous findings using TDI [3] [4] [5] 13, 14 . This increase reflects fetal cardiac maturation throughout pregnancy, with the relative contribution of the atrial contraction becoming less prominent as the relaxation improves and, thus, early ventricular filling gradually increases. In contrast to our findings, a previous report suggested a non-linear maturation 13 of some fetal cardiac function parameters. This difference in results could be explained by the different TDI techniques used, populations studied and choice of regression equations.
Unlike the myocardial velocities, the mechanical cardiac time intervals did not change consistently throughout pregnancy. Less is known about the fetal cardiac cycle time intervals. Hernandez-Andrade et al. 28 demonstrated only a small increase in MPI and isovolumic relaxation time and a decrease in ejection time, while isovolumic contraction remained constant when assessing blood flow. It seems logical that cardiac cycle time intervals would vary less than do myocardial velocities according to GA, as they are not as influenced by the size of the heart 29 . Previous studies 5, 15 exploring cardiac time intervals using TDI have used definitions different from the ones that we used with the automated algorithm, which may explain in part the longer pre-and postejection periods found in our study. Consequently, our cMPI values were also higher than those reported using other methods 5, 15 . The gender differences observed in peak myocardial velocities and mechanical time intervals might be due to differences in cardiac size, but other mechanisms influencing myocardial function and maturation cannot be ruled out.
We have constructed GA-specific, cross-sectional reference ranges by means of automated analysis of myocardial velocity traces in normal pregnancies. It is a considerable advantage of our method that exactly the same results were obtained when the algorithm was run repeatedly. Another advantage of using automated analysis is that it diminishes the subjectivity involved in the delineation of cardiac time intervals, which is often a problem with both TDI and MPI derived from investigation of blood flow 30 . Furthermore, when using the automated algorithm, considerably less time is required for the analysis (reduction from minutes to milliseconds), which would facilitate the use of cTDI in larger groups of patients.
The intra-and interobserver variability of the procedure, from echocardiographic examination up to the automated analysis, was substantial (CV range, 8.3-43.1%). When interpreting this variation, it is important to take into consideration the biological variation, the varying fetal behavioral state and the subjectivity of ROI placement. Of note, there was no difference between inter-and intraobserver variability, with no consistent difference between their CVs, suggesting that the variation is not primarily operator-dependent. This substantial variation of the procedure prior to the automated analysis proves the importance of the latter, which will minimize variation in the assessment of the myocardial velocity trace by rendering it operator-independent. We speculate that the beat-to-beat variability might be less in pathological conditions, analogous with the 'silent' cardiotocographic patterns present in cases with suspected asphyxia. It is important to acknowledge that our procedure, although partially automated, still involves several steps (i.e. acquisition, ROI placement and automated analysis); our future aim is to minimize these steps by incorporating the software into the ultrasound machine and using it online. Work on this is ongoing and, when complete, it should provide a simple, non-invasive method to evaluate fetal cardiac function. Further refinements of the algorithm, and the possibility of its incorporation into the ultrasound machine software for online use, are likely to improve results and reduce variability in the assessment of fetal cardiac function. As the automated method of analysis becomes progressively more stable, our aim is to assess whether cTDI with automated analysis can be used to discriminate between pathological and normal conditions.
Limitations of this study include the relatively low number of observations per gestational week included for constructing the reference ranges and the uneven distribution of participants throughout gestation. However, this is, to our knowledge the largest study to date describing cardiac function using cTDI 5, 14, 15 .
In conclusion, we have shown that it is possible to use an automated algorithm for the analysis of myocardial velocity traces throughout gestation and that this can facilitate the construction of reference ranges describing cardiac function and its evolution during pregnancy. However, further development and refinements are needed to evaluate whether this method could be used to differentiate between normal and pathological fetal condition and cardiac function.
SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:
Figures S1-S9 Scatterplots of variables obtained by color tissue Doppler imaging (cTDI) against gestational age, with dashed lines indicating estimated 5 th , 50 th and 95 th centiles, and their corresponding 95% CIs (left panels; also presented in Figures 3-5) ; Z-scores plotted against gestational age and the dashed lines indicate ± 1.96 SD (middle panels); and corresponding normal plots of Z-scores from fitted models (right panels): left ventricular wall (LV), septal wall (Sept) and right ventricular wall (RV) peak myocardial velocities ( Figures  S1-S3) , mechanical cardiac time intervals (Figures S4-S8 ) and myocardial performance index (cMPI) ( Figure  S9) . Am, peak myocardial velocity during atrial contraction; Sm, peak myocardial velocity during ventricular ejection (systole); Em, peak myocardial velocity during early diastole.
Table S1
Comparison between female (n = 96) and male fetuses (n = 102)
Table S2
Inter-and intraobserver variability expressed as coefficients of variation (CV)
